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Adhesion in this system is one of the most important factors that affect the reliability and dura-
bility of repair. According to the many standards and guidelines, a pull-off test is recommended for as-
sessment of a bond quality in repair systems. However, a growing interest in development of non-
destructive techniques (NDT) for evaluation of concrete structures is recently noted. A majority of NDT
methods mentioned in EN 1504-10 for repair efficiency assessment are based on propagation of stress
waves. The impact echo method is considered as a one of the promising. The literature data confirmed
that the “non-zero volume” defects containing air are relatively easy to detect with impact-echo method
if they are large enough. It is more complex to detect “zero-volume” defects, e. g dust or any other an-
tiadhesion material. In this work usability of impact-echo for detection of “zero-volume” defects in re-
pair systems is discussed.

Key words: impact echo, repair efficiency evaluation, “zero-volume” defects, frequency and
wavelet analysis.

Introduction

Recently, concrete structures deterioration has become one of the most important technical, eco-
nomic and social problems in many countries. What more last recommendation of the European Union “Fit
for 55 implies necessity for their repair and strengthening. As a result of repair or protection of the build-
ing structure a composite system (concrete substrate in contact with repair material) is produced
(Czarnecki & Emmons, 2002, Mechtcherine, 2013). Adhesion in this system is one of the most important
factors that affect the reliability and durability of repair (Bissonnette et al, 2016, Korayem et al., 2020).
According to the many standards and guidelines, e.g. new European Standard EN 1504-10 and ACI Con-
crete Repair Manual, a pull-off test is recommended for assessment of a bond quality in repair systems.
However, the non-destructive methods (NDT) are preferred for this purpose (Ju et al., 2017, Helal et al.,
2015). This is reason why a growing interest in development of non-destructive techniques (NDT) for
evaluation of concrete structures is recently noted (Hota & Schabowicz, 2010, Villain, 2019, Schabowicz,
2019). A majority of NDT methods mentioned in EN 1504-10 for repair efficiency assessment are based
on propagation of stress waves. Particularly, ultrasonic methods and impact echo method are recom-
mended.

Propagation of stress waves through a repair system is a complex phenomenon depending on acous-
tic properties of repair material and its thickness as well as a quality of interface. Taking into account the
classification proposed by Adams and Drinkwater (1997), two main types of defects can occur in this sys-
tem that can affect stress wave propagation (Fig. 1):

— adhesion type (at the interface zone: overlay — substrate): various types of “non-zero volume”
disbands (e. g., voids, delamination’s) and “zero-volume” disbands — weak adhesion areas (e. g. due to a
presence of dust, oil, etc.);
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— cohesion type (in repair material or/and concrete substrate): porosity, cracks, honeycombing,
partially non-hardened resin in the case of polymer material.

During selection of NDT method, the following factors should be taken into account (Garbacz,
2015; Hota et al., 2011)):

— type, size and location of defect to be investigated;
type of repair material (effect of acoustic properties);
thickness of overlay;

— roughness of concrete substrate.

There is the preference to apply the methods requiring the access from once side of tested object
only.
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Fig. 1. Scheme of possible defects in the system:
repair material (R) — concrete substrate (CS)

Impact-echo method is one of the most promising methods for repair efficiency assessment. It based
on the use of an elastic, low energy impact with steel ball (Fig. 2, @) on the surface generating low fre-
quency stress waves (mainly below 60kHz). These waves consist of compression (P), shear (S) and
Rayleigh (surface) (R) components which propagate through the structure and are reflected by interfaces
within the material (internal flaws such as voids, honeycomb, cracks, delamination’s) or external bounda-
ries. They are less sensitive to natural heterogeneity of concrete. Additional feature of I-E method is an
application of frequency analysis besides only time-domain analysis (Fig. 2, b). The selection of the impact
source is a critical factor for defect detection in multilayer system with impact—echo. The impact duration
determines the frequency content of the stress wave and determines the minimum flaw depth that can be
detected. The impact duration depends on the diameter of the impactor (Fig. 2, ¢).
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Fig. 2. Scheme of impact-echo method (a), examples of waveform and corresponding
frequency spectrum (b) and effect of ball size on depth and size of defect possible to detect
(c) days after casting. The results are 22,6 MPa and 29,9 MPa respectively

Impact-echo is successfully used for quality control of various types of repair, e.g. injection of cable
ducts, overlays and patches, etc. (e. g. Sansalone & Streett, 1997; Abraham & Cote, 2002; Garbacz et al.,
2017). The literature data confirmed that the “non-zero volume” defects containing air like voids, delami-
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nation’s, etc. are relatively easy to detect if they are large enough. This is because the reflection coefficient
for concrete/air interface is equals nearly to 1.0, which means there is almost total reflection at the inter-
face. It is more complex to detect “zero-volume” defects, e. g. dust or any other material on concrete sub-
strate, which can decrease bond strength between repair material and concrete as well.
In this work usability of impact-echo for detection of “zero-volume” defects in repair systems is dis-
cussed.
Materials and methods

In order to carry out the research program, twelve concrete substrate slabs (600x800x80 mm) have been
prepared of concrete C20/25. The following materials have been used to prepare concrete slabs: Portland ce-
ment CEM 1 52,5; crushed sand 0/2 mm; crushed limestone aggregate 2/8, 8/14, 14/20; water. Preparation of
samples included casting twelve substrate slabs (800x600x80 mm). Straight after casting, samples have been
covered with plastic sheet for twenty four hours. Afterwards, samples have been demolded and stored for the
next twenty eight days in standardized curing conditions (20°C, 90 % relative humidity) in humidity chamber.

Five types of interface separating materials have been applied to ten concrete slabs (Fig. 3). The appear-
ance of separating material is meant to simulate different kind of “zero-volume” defects which may occur dur-
ing application of repair material. The five types of defects were as follows:

— expanded polystyrene of 5 mm thick, 60x40 cm;

— expanded polystyrene of 5 mm thick, 60x10 cm;

— plastic sheet, rectangle shaped, 40x20 cm;

— plastic sheet, trapezoidal shaped, 5/10x25 cm;

— demolding oil, 55x35 cm.

Fig. 4 presents the location of each type of defect at the interface. Two slabs were left without any defect
as a reference.

After the defects were applied, repair material has been put on as a second layer. Commercial PCC (pol-
ymer-cement composite) mortar has been used. The mortar is a self-compacting composite, consisting of high
alumina cement, aggregate, supplementary binders and chemical admixtures. For each type of defect repair ma-
terial was applied with two different thickness — 5 and 8 cm.

The impact echo measurements was made 14 days after execution of repair. Basing on the results from
before-repair measurements, 5 mm ball has been chosen as an impactor. Each slab has been measured every 10 cm
lengthwise and crosswise, that is 35 times in rectangular mesh in order to cover whole slab’s surface.
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Fig. 3. Different types of defects: a — no defect — reference; b — rectangular plastic sheet; ¢ — trapezoidal-shaped

plastic sheet; d — polystyrene 40x60 cm, e — polystyrene 10x60 cm; f— demolding oil
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The principle of the impact-echo bases on the waveform and frequency analysis. The transformation
results in a frequency (amplitude) spectrum, which shows the amplitudes of various frequencies contained
in the waveform — Fig. 4, a). The frequency corresponding to the arrival of the P-wave, reflected from the
interface or bottom of an investigated system, is the inverse of the time interval visible in the original sig-
nal. Therefore, knowing the peak frequency (f) and the pulse velocity (Cp), the depth of this interface (T)
may be calculated by modifying the equation (1):

C
T =—L[mm]. (1)
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Fig. 4. Schemes of: a — Fourier (FT), short time Fourier (STFT) transforms;
b — Continuous wavelet (CWT) and discreet wavelet (DWT) transforms

Recently, a new tool for signal analysis — wavelet analysis — is being implemented in NDT assess-
ment, also in the case of concrete structure, e. g. for analysis of acoustic emission or ultrasound signal
(Kurtz et al., 2003, Grosse & Reinhardt, 2003). This method is more flexible for signal analysis in com-

parison to Fourier analysis.
It is a multiresolution time-scale methods which enables to extract information like instantaneous

frequency, tiny echoes embedded in complex signal or to suppress noise. Contrary to the Fourier trans-
form, wavelet transform does not use periodical and infinite sine function but finite (“short-time”) wavelet,
called mother wavelet function. The original signal is, therefore, divided into a set of shifted and scaled
versions of the mother wavelet. As a result, the wavelet transform also produces time-frequency “win-
dows” which, however, differ in time-scale. This allows for the creation of short-time windows for high
frequencies and long-time sections when analyzing low frequencies (Fig. 4, b). Two types of wavelet trans-
forms may be performed: continuous (CWT) and discreet (DWT). The principle of the continuous wavelet
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transform consists in presentation of the signal as a composition of a sum of shifted and scaled mother
wavelets multiplied by the vector C. Resulting density plot of CWT is called scalogram. Discreet wavelet
transform is performed by the use of scaling parameters of power of two. In fact, DWT works as a filtering
process: it decomposes the signal into low and high frequency contents. As a result, the approximation of
signal and set of coefficient/time diagrams on scale levels of power of two are performed.

Results and discussions

After measurements, impact-echo signals from each slab were analyzed using computer program IE
Analyst developed in the MATLAB environment. The following procedure was done for each signal:
— surface (Rayleigh’s) waves were localized and removed from the raw signal;

fast Fourier transform of the signal was performed,;

for each signal amplitude of bottom/interface peak was obtained;

maps of bottom/interface peaks’ amplitudes were performed.

Afterwards the following wavelet analysis was performed with use of MATLAB wavelet toolbox.
The performed continuous wavelet analysis was based on the db2 wavelet.

In the Table 1 the results of the analysis signal: the interface amplitude value distribution and the
signal waveforms obtained at the center points of each slab for two thicknesses of repair are presented.

The impact echo measurements performed on the slabs where plastic sheet was introduced resulted
in an ambiguous outcome. To some extent, the similar effect was also observed in the case of polystyrene
placed at the depth of 50 mm. The obtained signals and their frequency spectra provided obvious informa-
tion about some kind of non-homogeneity in the investigated system (in this case concrete substrate and
repair mortar may be treated as materials acoustically homogeneous). On the other hand, those signals did
not provide information about the depth of the interface where the defect occurs nor the type of it. The
most important indication of the defects existence is in those cases was lack of bottom peaks in the fre-
quency spectra.

The influence of interface depth is less clear than of the defect type or its shape. However, it was ob-
served that in case of small defects the interface and bottom peak amplitudes were higher. This may find its
explanation in the amount of stress waves energy that is absorbed by the separating material at the inter-
face. The stress waves (P-waves and S-waves) propagate through the medium along spherical fronts. Thus,
depending on the distance to the interface, the angle at which the stress wave arrives to the edge of the “ob-
stacle” differ (Fig. 4). The higher the angle, the less of the wave’s energy is absorbed by the material at the
interface and, therefore, wave with more energy arrive to the bottom.

Presented CWT scalograms being results of wavelet analysis of the impact-echo signals may be cat-
egorized into three groups. The first group (Table 1) contains the signals obtained from slabs without any
type of defect and from the ones where demoulding oil was introduced. In the scalograms of those signals,
surface wave is well visible at the left hand side. Also, at the end of the signals, the high frequencies are
less visible.

In the second group are the signals the strong influence of the surface wave was observed. High and
medium frequencies are almost not visible in the obtained CWT scalograms. These signals descend from
the measurements of slabs with rectangular plastic sheet and 40x60 cm piece of polystyrene placed at the
interface.

The last two signals are somewhat “in-between” the two previous groups. However these CWT sca-
lograms look similar to the ones obtained from slabs with no defect and demoulding oil, the lack of high
frequencies may be observed. This is probably result of placement of stripes of polystyrene and plastic
sheet, as the high frequency “information” must have been lost in contact with those materials.



Detection of “zero-volume” defects in concrete repair systems using impact-echo method 125

Table 1

The results of the analysis signal: the interface amplitude value distribution
and the signal waveforms obtained at the centre points of each slab are presented

Repair mortar of 5 cm

Repair mortar of 8 cm

IE interface amplitude
value distribution

Continues wavelet diagram
in the defect place

IE interface amplitude
value distribution

Continues wavelet diagram
in the defect place

Reference plate — no defects at the interface
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Conclusion

On the base of the results obtained the following main conclusions can be drawn:

— the detection of different kinds of “zero-volume” defects in the case of impact echo method may
be described as relatively good, however, doubtful in some cases;

— 1in cases of plastics and polystyrene, stress waves are likely to subject absorption, which in some
cases may cause the investigation impossible to succeed; the signals reveal lack of information correspond-
ing to the depth of the interface or the system bottom, however clearly indicate some type of discontinuity
in the repair system;

— the detection of poor adhesion zones within the interface caused by materials such as oil or any
other liquid is very unlikely for the stress based methods, as the continuity between repair mortar and con-
crete is not disturbed — oil can be considered acoustic coupling agent;

— the influence of the type of material was observed; depending on the introduced material at the
interface, obtained signals vary in content of high and medium frequencies; this is especially visible in case
of artificial materials, such as plastics and polystyrene, which absorb most of the stress wave energy;

— the dimensions of the material at the interface and the horizontal distance between its edge and
the point of measurement have significant influence on the ability of the signal to penetrate through all of
the system layers;

— the proximity to the system edges strongly influences the obtained signal, as the stress waves
subject multiple reflections from both internal and external boundaries; therefore, data from those points is
almost impossible to be analyzed correctly.
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BUABJIEHHA JE®EKTIB “HYJBOBOI'O OB°’€EMY” B CUCTEMAX PEMOHTY BETOHY
3A JOIMOMOTI'OI0O EXO-YJIAPHOI'O METOY

© Xapaccex I1., Koypapo JI., I'apbau A., 2023

AJre3is B Ii#l CUCTEMI € OHUM i3 HAMBKITUBIMINX (haKTOPIB, IO BIUIMBAIOTh HA HAMIWHICTH 1 JOBTOBIY-
HICTb PEMOHTY. 3TiJIHO 3 OaraTbMa CTaHIapTaAMHU Ta HACTAHOBAMH, IS OIIIHKU SKOCTI 3YCIICHHS B CUCTEMax pe-
MOHTY PEKOMEHIIYEThCS TECT Ha BifpUB. IIpOTe OCTaHHIM YacOM CIOCTEPIraeThCs 3POCTAFOUHIA IHTEPEC 10 PO3-
PpOOKM HEpYHHIBHUX METO/IIB /IS OLIHKH OETOHHMX KOHCTPYKIIH. BiibmiicTh HEpYHHIBHUX METOIB, 3ralaHuX y
EN 1504-10 mis oniHky e)eKTUBHOCTI PEMOHTY, 3aCHOBaHI Ha MOIIMPEHHI XBUIIb HANIPYTU. MeTox yaapHoi J1y-
HU BBOKAETHCS OJHUM 13 TMepCHeKTUBHUX. JliTepaTypHi JaHi MiaTBEPIWIH, 10 AeheKTH “HEHYIBOBOIO 00 €My,
10 MICTSITh MTOBITPSI, BITHOCHO JIETKO BUSBHTHU 3a JIOIIOMOTOIO YIAPHO-EX0-METONY, SKIIO BOHH JOCHUTH BEJIHKI.
CrJajHilne BUABUTU “HYNTbOBI” Ae(eKTH, HANPHUKIAA, MWl abo Oyab-siKWi IHIINN aHTHAATE3IHHUNA MaTepiai.
OOroBOpEHO MOXKJIMBICTh BUKOPUCTAHHS YIApHO-EXO0-CUTHATY JIJIS BUSIBJICHHS “HYJIbOBUX HE(EKTIB Y CHCTE-
Max peMOHTY. J[is BHUKOHAHHS MOCIHITHHUIIBKOI MpOrpaMu OYJ0 BUTOTOBJICHO JBAaHAMIITH OCTOHHHMX ILIHT
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(600x800x80 mm) 3 Oerony C20/25. Jlns BUroTOBIEHHs OSTOHHUX IUTUT BHKOPHCTOBYBAJIHM TaKi MaTepialii:
noptiaanmieMent CEM 1 52,5; micok noapiouenuii 0/2 mv; 1medins BanHskopuid 2/8, 8/14, 14/20; oxa. ITiaro-
TOBKa 3pa3KiB BKIIIOYANIA BIUIMBAHHA JBaHAUIATH KT miaknaaku (800x600x80 mm). Bimpa3zy micist BignuBaH-
HSl 3pa3Ky HAKPHBAIIM TOJIIETHIICHOBOIO ILTIBKOIO HA JABAITH YOTUPHU TOAUHU. [icist 1Iboro 3pa3ku BUHHSUTH 3
(hopMu Ta 30epiray MpoTAroM HACTYITHUX JBaALATA BOCBMH JIHIB Y CTaHIapTH30BaHNUX yMoBax 3atBepints (20 °C,
BizHOCHA BoJoricth 90 %) y kamepi Bomorocti. Ha necsitb OeTOHHUX ILIUT OYII0 3aCTOCOBAHO IT’SITh TUIIIB Mate-
piaJiB, 1O PO3IUTIOIOTH MEXI PO3ALTY. 30BHINIHIM BUTIIS] PO3ILIOBOIO MaTepialy IpU3HAYSHUH 15 iMiTamii pi-
3HOT'O POy “HYJIbOBHX NE(EKTIB, SKi MOKYTh BUHUKHYTH IIiJl YaC HAHECEHHS PEMOHTHOTO Marepiaity. 3pa3ku
JIOCIT1JDKYBAJIHChH 32 MIPUHIIUIIOM YIAPHOTO BiJUTYHHSI CHTHAITY. [IpHHIMI yIapHOro BifUTyHHSI 0a3yeThCsl HA aHa-
J1i31 (hOpMU CHTHAITy Ta YacTOTU. Pe3ynbTaToM NepeTBOpEeHHs € YACTOTHUH (aMILTITYAHUI) CIIEKTP, KU TTOKa3ye
aMIUTITYIM PI3HUX YacTOT, IIO MICTATBCS Y opMi curHany (puc. 4, a). Yacrora, mo Bianosigae npuxomy P-
XBUWII, BIIOWTOI BiJl MEXI PO3iIy, a00 THO IOCHTIPKYBAHOI CHCTEMH, € 3BOPOTHOIO YaCOBOMY IHTEPBAITY, BUIU-
MOMY B BUXITHOMY CHUTHaJIi.

KuiouoBi ciioBa: ygapHa JiyHa, omiHKa e()eKTUBHOCTI peMOHTY, “HYyJboBi” nedeKTH, YacTOTHHIA
Ta XBUJILOBHI aHAJTi3.



